The explanation of a 200 GeV R-parity violating squark to the HERA high-Q 2 anomaly would have an important impact on supersymmetry-breaking models. In this Letter, we show that a squark of mass around 200 GeV is disallowed in the minimal gauge-mediated SUSY-breaking models in the parameter space constrained by the radiative electroweaksymmetry breaking and the experimental lower limits on supersymmetric particles, even after including the large R-parity violating couplings. Supergravity motivated models can, on the other hand, give rise to these scalar quarks in a wide range of parameter space.
I. Introduction
Unification of all known forces is a primary goal of physics. The major difficulty in achieving unification is the wide separation between the electroweak scale and the grand unification (GUT) or Planck scale associated with the gravitational interaction. Supersymmetry (SUSY) provides a solution to this hierachy problem of widely separated scales [1] . In addition, supersymmetry allows gauge-coupling unification; it has been shown [2] that within the minimal supersymmetric version of the standard model (MSSM) the three gauge couplings of the standard model (SM) converge to a point at a scale about 2 × 10 16 GeV, which is taken to be the GUT scale. Without supersymmetry the three gauge couplings do not converge to a single point. Supersymmetry also provides a dynamical scheme for electroweak-symmetry breaking [3] in that the breaking term is not put in by hand as it is in the SM, but the electroweak-symmetry-breaking parameter is driven negative by the renormalization group equations (RGE).
The MSSM [4] is obtained by direct supersymmetrization of the SM with two Higgs doublets and by including all renormalizable soft SUSY-breaking interactions consistent with the SM.
Totally the MSSM has more than a hundred parameters. All these soft SUSY-breaking terms are present because of a lack of knowledge of the actual mechanisms for SUSY breaking and for communicating the SUSY breaking to the visible sector. The situation can be simplified if we assume some symmetries at a very high scale. One particularly attractive idea is the minimal supergravity models, in which SUSY is broken at a high scale in a hidden sector, which interacts with the visible sector via gravity. The supergravity models bring tremendous simplification to the MSSM. Recently, another class of SUSY-breaking models called gaugemediated SUSY-breaking models [5] has been proposed. In this class of models, SUSY breaking happens in a hidden sector and is communicated to a messenger sector via the standard model gauge interactions. This scenario has fewer parameters than the supergravity models.
Despite all the theoretical virtues of SUSY we have not yet found any evidence for its existence. All the direct searches at current colliders like the Fermilab Tevatron, LEP, and HERA have been negative. Recent results from H1 and ZEUS [6, 7, 8] at HERA on deep inelastic scattering of positrons on protons have reported an excess of events in the high-Q 2 and large x, y region; specifically H1 showed an impressive enhancement in a single x bin corresponding to M = √ sx ≃ 200 GeV, 7 events were observed where only one was expected. Further data has given one more event [8] so there are now 8 events where 1.5 events is expected. Although still more data is needed to confirm this excess in the cross section, many attempts have already been made to explain it. These include eeqq contact interactions [9] , leptoquark production [10, 11] , and R-parity violating squark production [12] . It is possible to construct models of contact interactions, which satisfy the known constraints such as atomic parity violation, LEP data, and low energy electron-nucleon and neutrino-nucleon scattering data [13] , but these often predict a large cross section for e − p collisions or an excess of e + e − events in Drell-Yan production at the Tevatron. At present, there is no evidence for these effects. The leptoquark explanation might also run into trouble because the latest CDF [14] and D0 [15] bounds rule out the mass of the first generation leptoquark up to 213 and 225 GeV, respectively, at a 95% CL assuming the leptoquark decays entirely into eq. To accommodate a smaller mass the branching ratio of the leptoquark is required to be less than unity, which can be achieved by coupling the leptoquark to more than one generation or by mixing with other leptoquarks. If the leptoquark couples to more than one generation, it requires flavor-diagonal couplings to the first and the third generations, but not to the second generation (where it would give rise to K → µe at the tree level). Furthermore, in supersymmetric theories the leptoquark requires a fermionic partner (called leptoquarkino [16] ).
The production cross section of the leptoquarkino is larger than that of the leptoquark at the Tevatron and, consequently, this model could be ruled out in the near future. Also, it is hard to find any unifying group with gauge unification at ∼ 10 16 GeV. On the other hand, in R-parity violating SUSY models, unification is not a problem and invoking a branching ratio less than 1 for the squark decay does not require any new assumptions. Thus, the R-parity violating scalar quark seems the most natural solution to the HERA anomaly. The squark can either be the left-handed scalar charmc L or the lighter mass eigenstate of the scalar topt 1 with a mass around 200 GeV. Such a 200 GeV squark has an important impact on SUSY-breaking models.
In this Letter, we point out that it is almost impossible to generate such light squarks in gaugemediated supersymmetry-breaking models even if we include large R-parity violating couplings.
We show explicitly in the case of the minimal gauge-mediated models that squark masses are excluded up to 300 GeV for all tan β and various values of M/Λ and n, where M, Λ , n, and tan β are defined below, by the requirement of radiative electroweak-symmetry breaking and the experimental mass limits of the Higgs bosons, the chargino, and the scalar tau. On the other hand, in the supergravity-motivated models it is possible to generate squarks of mass around 200
GeV.
II. The R-parity Violating Squark Solution R-parity conservation is only an ad hoc symmetry formulated in the MSSM [4] and there is no compelling theoretical motivation for it. An equally interesting scenario is the R-parity violating case, in which the SUSY particles can decay entirely into non-SUSY particles. To include Rparity violation the usual MSSM superpotential requires additional terms:
where
c denote the superfields for the left-handed lepton doublet, lepton singlet, left-handed quark doublet and quark singlets, and i, j, k are generation indices. Here we already assume the absence of the L i H u term and we will put λ and λ ′′ to be zero because they are not relevant for the HERA high-Q 2 events and zero λ ′′ 's can avoid rapid proton decay.
The most likely R-parity violating processes to account for the HERA events are where B is the branching ratio for the squark to decay into e + d. To satisfy the constraints from atomic parity violation and from the leptoquark search at the Tevatron the branching ratio B must be within the range 0.3−0.5 < ∼ B < ∼ 0.75 [10, 14, 15] , which implies 0.03
The production ofũ L cannot be used to explain the anomaly because the coefficient λ ′ 111 is tightly constrained by neutrinoless double beta decay [17] . The production via sea partons also requires large λ ′ , which are either already ruled out or are close to the allowed limits [12] . Thus, the most likely explanation within SUSY is the production of R-parity violating squarksc L ort 1 with λ
or λ ′ 131 of order 0.03 − 0.07. In addition, the H1 data strongly suggest a mass around 200 GeV with an error of order 10-20 GeV. We are going to assume a squarkc L ort 1 of mass around 200 GeV and investigate its impact on SUSY-breaking models. These coefficients λ are sufficiently small that the sparticle spectrum is not affected appreciably by their presence.
However, there are still some other λ ′ ijk that are neither constrained by present experiments nor necessarily small due to symmetry; in particular λ ′ 233 and λ ′ 333 [18, 19] . The RGE running of the Yukawa couplings and the soft SUSY parameters could be affected by these λ ′ , depending on their sizes. In fact, presence of these R-parity violating couplings reduces the sfermion masses. We include the relevant R-parity violating terms in our RGE analysis of the soft SUSY parameters and couplings. The RGE including R-parity violating terms can be found in Ref. [18] .
The relevant R-parity violating terms in our RGE analysis correspond to λ is given by [18, 20] 
where the notation can be found in Ref. [18, 20] . The first line of Eq. (3) contains the R-parity conserving contributions and the rest are R-parity violating. 
In this equation, we can see that the presence of λ ′ increases h t when the scale increases from 
III. The Minimal Gauge-Mediated Models
There are a few important scales associated with the gauge-mediated models [5] . In the minimal model, the messenger sector is weakly-coupled and consists of one set of quark and lepton superfields in a 5 +5 representation of SU (5), which are coupled to a gauge singlet field S via the superpotential W = λ 1 Sℓl + λ 3 Sqq. The scalar and auxiliary components of S acquire vacuum expectation values S and F , respectively. S sets the overall scale of the messenger sector and F sets the SUSY-breaking scale of the messenger sector. The messenger scale is represented by M = λ S . The standard model gauge interactions then communicate the SUSY breaking to the visible sector and give masses to the gauginos via 1-loop effects and to the square of the scalar masses via 2-loop effects:
where Λ = F / S and the sum is over SU (3
for SU(2) L doublets and zero for singlets, and k 3 = (5) become the boundary conditions at the scale M for the whole set of RGE. For the running of the RGE we employ 1-loop equations for the gauge, Yukawa, and R-parity couplings [18, 19, 22] , and 1-loop equations for the soft SUSY parameters [18, 20] . The µ parameter is determined up to a sign, and the CLEO data on the inclusive decay b → sγ prefers µ < 0 [23] . With this µ parameter we obtain all physical sfermion, Higgs, neutralino, and chargino masses, thus, the whole sparticle spectrum for each set of inputs: M, Λ, tan β and n. In order to maintain perturbative unification we consider only n ≤ 4. In the absence of late inflation cosmological constraints put an upper bound on the gravitino mass of about 10 4 eV [24] , which restricts M/Λ = 1.1 − 10 4 .
For the supergravity motivated models we assume the universal boundary conditions at the GUT scale, i.e, a common scalar mass (m 0 ), a common gaugino mass (m 1/2 ), and a common trilinear coupling (A), which are not necessarily zero at the GUT scale. We run all the soft parameters from the GUT scale down to the weak scale. [25] . In R-parity violating theories, the chargino can decay into jets or multi-jets plus leptons or missing energy, which ALEPH has searched for and put a bound on [25] (we use a conservative value of 80 GeV); whenτ 1 is the NLSP there is no published limit, but we argue thatτ 1 decays into jets,τ 1 →′ , via R-parity violating couplings and should have been copiously seen in LEP1 if Mτ 1 < 45 GeV. These constraints are conservative because stronger limits should be available very soon from the LEP2 results, but they are sufficient for our purposes. From Fig. 1 this chargino or scalar tau mass constraint can easily exclude squark masses up to 300 GeV for n = 1 − 4 and M/Λ = 1.1 − 10 4 .
IV. Results
We have used large R-parity violating couplings (λ We found that all squark, chargino, and the neutral Higgs boson masses are very similar, but the scalar tau mass changes substantially. The larger the R-parity violating couplings the smaller the scalar tau mass will be. This is an interesting observation on its own, but does not affect our conclusion that 200 GeV squarks are not allowed in the parameter space constrained by the above requirements in gauge-mediated models.
If the value of the trilinear coupling A is chosen to be large numerically and to be of the same sign as µ, the off-diagonal matrix elements in the stop mass matrix will be very large. This implies a large mass splitting between the two stop masses, and the possibility of lowering the lighter stop. We have tried a nonzero value for A M at the scale M and evolved down to the M weak . We found that for n = 1 and M = 10 4 Λ with A M = −500 GeV we can produce at 1 of mass 200 GeV in the parameter space allowed by the constraints discussed above. Unfortunately, there is no compelling reason for such a large A M in gauge-mediated models.
In supergravity models, the value of A G at the GUT scale need not be small. For example, in the dilaton model A G = −m 1/2 is naturally negative and of order of a few hundred GeV. We show in Fig. 2 2. The effect of larger n on the scalar quark and chargino masses is that the scalar masses are enhanced by √ n while the chargino mass are enhanced by n. Thus, the mass contours shift towards the left-hand side of the graphs with the contours of the chargino mass shifted by a larger amount.
3. M = 1.1Λ gives somewhat larger squark masses than M = 10 4 Λ. This is because the initial squark masses are evaluated at the scale M and the strong coupling α 3 dominates, as in Eq. (5). The larger the scale M the smaller the α 3 will be, which gives smaller squark masses. Similar effects can be seen in the scalar tau mass. In principle, we could reduce the squark masses by using a very large ratio of M/Λ; however, we restrict M/Λ ≤ 10 4 .
The gravitino is the stable LSP in gauge-mediated models even in the presence of R-parity violation. However, R-parity violating couplings nearly forbid the decay of SUSY particles into gravitinos because of the gravitational strength of this decay compared to the electroweak strength of the R-parity violating couplings. The lightest neutralino decays into a lepton plus two jets, ℓqq ′ or νqq ′ , via the R-parity violating couplings (the quark-squark mode is less favored because squarks are heavy.) Unlike the gauge-mediated models with R-parity conservation, there are no hard photons in the final state of SUSY particle decays in gauge-mediated models with R-parity violation. In supergravity-motivated models with R-parity violation, the lightest neutralino decays with similar signatures. Consequently, these two different SUSY-breaking scenarios cannot be distinguished by the decay patterns of the SUSY particles if R-parity is violated. Nevertheless, evidence of squarks (c L ort 1 ) of mass around 200 GeV can distinguish rather cleanly between gauge-mediated and supergravity-motivated models. GeV. In addition, we use tan β = 3, and λ ′ 233 = λ ′ 333 = 0.45. The shaded region is excluded by the constraints: m h 0 < 60 GeV, Mχ+ 1 < 80 GeV, Mτ 1 < 45 GeV, and Mν τ L < 45 GeV.
